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ABSTRACT 


A global, six-level, primitive equation model was numer- 
ically integrated to examine the interaction of a mid-lati- 
tude baroclinic wave with several differnt mountain-valley 
eomergurations. The purpose was to determine the contribu- 
tion of a well-developed baroclinic wave *9 the initiation 
of a monsoon surge. It was found that these waves can ini- 
Beaee a surge. Such surges are weak and limited in extent 
but they do exhibit the characteristics of observed monsoon 
surges. The latitudinal location of ths east-west nountain 
range has a large impact on the strength of the disturbance 
and thus on the initiation of the surge. However, the size 
of the valley is not an important consideration. The surge 
is strongest at the lowest levels ani dissipates rapidly 
ween height. Overall results indicate surge forcing by the 
baroclinic wave is possible but other forcing méchanisms are 
necessary in crder to simulate the stronjy2r, mor extensive 


Surges observed during the winter monsoon. 
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In recent years meteorologists hav2 given considerable: 
attention to the Asian winter monsoon. Described by Chang 
and Lau (1980) as "one of the most energstic héat engines in 
driving the earth's Aan@aeineren, the winter monsoon is the 
most distinctive component of the Northern Hemispaere winter 
Beeculation. Its f£undamental, large scale structure has 
long been observed, however, much about the monsoon remains 
unknown. The rele of the monsoon in the interaction of tha 
mmeebatitude and tropical regions, the variabilit of he 
monsoon and the forcing cf small scale monsoonal variations 
are all areas of active research. 

A monscon may be defined as a three iimeansional, plane- 
tary scale wind regime that reverses direction seasonally. 
In the case of the monsoon, the esstablishmeane of the summer 
cyclone and winter anticyclone is governed by land-sea dif- 
ferences and the varying fosition of the sun. Essentially, 
it is the seasonal replacement of one parsistant circulation 
system by an equally parsistant but opposite system. The 
development of these circulations closely links the monsoon, 


Peeeicularily that of east Asia, tc regional topography. 
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mae long, Gicaienmranes Of che Siberian winter allow 
strong radiaticnal cooling and the subsequent formation cf a 
Shallow, cold layar of surface air. Persiseen. cold -air 
advection thrcughout the troposphere further contributes +o 
the formation of a surface high. The winter monsoon, which 
dominates the entire ASian continent, is characterized by 
mes antense, cold polar anticyclone. Phew sesultindg nertn- 
northeasterly surface flow extends over ail of eastern Asia 
and southward across the equator. The Himalayan Mountains 


Sdaelever 2 LopoSs— 


Q 


restrict the southward movement of tha 
pheric air and provide an effective barriar to the mixing of 
SmencOld continental airmass wit the warm tropical aircmass 
of scuthern Asia. AS the anticyclone bacomes establisned 
over Siberia, a surface cyclone develops over the "maritine 
continent"' region of Indonesia and Malaysia as 4&4 major plan- 
etary scale convective area is shifted eastward from its 
Summer position near India (Ramage, 1971). 

An analysis of the monthly mean velocity potential field 
at 200 mb for December 1974 by Chang and Lau (1980) shows a 
broad region cf divergence over the maritime continent. 
This is indicative of deep rising motions and large scale 


Overturning of the atmosphere. Their analysis also shows 2 
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meg2on Of Maximum convergence over northern China in th 
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scale flow the divérgence pattern is approximately give 
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he velocity potential.) Upper-lavel convergence is aisc 
evident in the equatorial wast Pacific Jc2an and over the 
2ast African coast. Althougn much weaker, these latter two 
Meeas indicate the existence of a dalker circulation. 
Ascending over the mritime continent, Sn branch lows 
w2Sstward across the Indian Ocean and Arabian Sea, while 
another branch flows eastward to desceni over the western 
Pacific Ocean. 

mmus the winter tropospheric creculation in this region 
meemmcemanated by a strong local Hadley cell; a thermally 
meeect Circulation involving descent in the cold air over 
mememnerthern anticyclone, southward surface flow, ascent of 
Warm air over the maritime continent and northward return 
meow at 200 mb. 

The large~-scal2 components of th2 monsoon are consis*ent 
and identifiable from year to year, but they are not static. 
The primary features not only vary in strength and location 
On an annual time scale but there are small time scale vari- 


ations in the velocity, temperature and pressure fields as 
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weil. One particular event that can be linked to short time 
scale variaticns is the mecnsoon surge. BLS Omimniown as "cold 
Surges" these events occur at intervals of several days to 
two weeks during the winter monsoon (Lim and Chang, 1981). 
The characteristics and effects of the monsoon surge 
have been discussed in several observational studies at both 
the synoptic and planetary scales by Danialson and Ho 
meeesy, Chang st al (1979), Murakami (1979), Chang and Lau 
Meu, 1982) and Chang et al (1983). Tos following sequence 
of events for a monsoon surge is taken irom these studies. 
Prior to the occurrence 9f a monsodn surge =here is 
intense, déep cold air advection over northern Asia accompa- 
Mmmea by the passage of a mid-tropespheric trough thaz inten- 
Sifies rapidly over nerthern Japan. Th resulting increase 
in baroclinicity 1s associated with ancicyclogenesis over 
Seeeelia and cyclogenesis in the strong baroclinic zone cff 
the east China coast. The east Asian Hadley circulation is 
Strengthened thrcugh increased subsidence as the anticyclone 
intensifies. The east Asian subtropical jet accelerates 
hear Japan as the intensification of tha Hadley circulation 
increases upper-level ageostrophic flow. The west Asian jet 
Streak varies inversely with the east Asian jet and so 


aq2creases in strength over Afghanistan and Pakistan. 


Je 





The monsoon surge is initiated as the upper-level trough 
moves sastward and the pressure gradi2at across the eé4asr 
Seema coast tightens. The normal geostrophic balances of€ tha 
mmemeycolonic flcwis brcken since tha pressura gradient 
force is now gréater than the Coriolis force and a rapid 
cross-isokaric flow from high to low pressure begins. Enis 
accelerating flow towards lower pressur3s at lower tropos- 
pheric levels is the monsoon surge. Following che surge, an 
gacrease in the northeasterly flow can be traced +o the 
equatorial regions within 12-24 h. Within one to two days 
convection in the 2quatorial region intensifies and sustains 
the already enhanced Hadley circulation. The upper-level 
outflow from the equatorial South China S2a accelerates not 
Only northward, but within one day of the surge acceleratés 
east and west along the equator, thus strengthening the 
feeenwes Circulation. The surge ends 2s the mid-latitude 
trough/ridge npa*+tern moves surficiently 2astward so that 
Subsidence no longer cccurs over the anticyclone. 

Lim and Chang (1981) and Chang, Chen and Millard (1983) 
Suggest that the monsoon surge is characterized by two 
Stages separated by an interval of a faw hours t0 one day, 


depending on the location of the observing station. The 
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first stage is the pressure surge, or lading édg2 of thea 
@ownward accelerating air, with 4 propagation speed chazac- 
teristic cf gravity waves. The second stags, which noves at 
advective time scales, is due to a frontal ovoassage and is 
characterized by a sharp decrease in the surface deéewpoinc. 
Few studies have been done to determine the caus¢ or 
mature of the forcing that precipitates a4 monsoon surges. 
Lim and Chang (1981) used the linearized shallow-water equa- 
tions on an 2quatorial beta-plane in an analycical study of 
monscon response t> a transient mass sources that simulated 
intense anticyclogenesis. Their results showed that such 
Mid-latitude forcing excites mainly Rossby waves after an 
mie tal period of gravity wave type motions associated wit! 
aeeeong northerly winds. They suggested that pressur2 forc- 
ing, using 2quatorial beta=plane dynamics, can explain the 
targe features of synoptic scale motions in the eastern mon- 
Seon Legion. HOWevVe=t, they do not consider other &rfects 
such as orcgraphy or a variable mean zonal wind. Nor does 
e@elr Method account for the shallow vertical structure of 
monsoon surges or upper tropospheric response to the surge. 
The purpose of this study is to exanine the interaction 


of topography, specifically a high east-west mountain range, 





Mieeo a Mid-Latitude baroclinic wave. The purpose will be <9 
Meveerm ne the contribution of the baroclinic wave to the 
MieeetecitOn Of monsoon surges. A global, six-iével primitivs; 
equation model will be used <9 Simulate the meteorological 
conditions prior and subsequent to surgs initiation. ig 
Mmemeconditions will include 2 strong baroclinic jet north 
of the mountain range and a smali disturbance in the mean 
Smee =; the disturbance will grow through baroclinic insta- 
Mmeety. several mountain-valley configurations will be used 
to study the surge and numerical solutions will be compared 


With observed monsoonal surges. 
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The numerical nodel used in these axperiments is a ver- 
Sion or the UCLA potential enstrophy sconserving, general 
Circulation model aan aiipead=abat2eG,. “dry cand Enictionless 
atmosphere. The governing equations £96 this model are the 
primitive equations: SHeomiotaZzeneal Memenzum =fqtlation, 
*hermodynamic energy equation, Surface pressure tendency 
Meee ouity) equetion, and the hydrostatis 2quation. These 
are given in Appendix A. The désign and dynamic processes 
of the model are fully discussed by Arakawa and Lamb (1977, 
1981). A summary of the version used f£9¢ this experimen* is 


presented here. 


A. THE HORIZCNTAL GRID 

The pregncstic variables, wind(U,V), temperature (T), 
and terrain pressure(n), are staggered horizontally accerd- 
mgs tO Acrakawa's Scheme 'C' (Fig. 1). This grid 2arrange- 
ment, although using more computer time than an unstaggered 
meee, Gives a better structure fcr the shorter waves that 
Beemse due +9 geostrophic adjustment, a2ds0linear interaction 


or mountain effects. Resoliewonmis cess etong by 4.0° lat 


ie? 





Meeergea 36 x 46 Spherical grid. The computational domain is 
fee sector or the globe with cyclic continuity imposed at 
the east and west boundaries. 

In spherical coordinates tha poles are singular points. 
Since velocit components cannot be defined at the poles, 
they are taken as M-points. Due to the convergence of thea 
meridians towards th? poles avery short time step would 
Meetally be required to insure computational stabilicy. To 
pimbowea Longer time step, longztudinal averaging ts done for 
s2lected terms inthe equations that govern gravity wave 
propagation. Tc do this the Zonal pressur2 gradient and 
zonal mass flux are expanded into a Fourier series around 
@ach latitude circle, then the amplitude of each wave compo- 
ment is reduced by the factor S. This technique smooths the 
Meaa2ents of the metsorclogicai fields rather than their 
Fourier expansions. Pre slocenengmmOreaasOr 5 as applied 
Only at higher latitudes (where S<1) and is given by: 

_ Meos 


~ Ad sin(ndd/2) 


(Symbol definitions are given in Appendix 3) 
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Pee ita VERTICAL GRID 
The equaticns used in this modsl ar2 written using the 


vertical sigma coordinate: 


—— t where jl =P =P 


Mmmm the surface pressure and P, is =h2 pressuze at the 
tropopause. 

The vertical domain extends from the earth's surface to 
200 mb. Variables are staggerad vertically (Fig. 2) in six 
layers equally spaced in sigma. The lowar boundary, o = 1, 
Esllows topography, where the surface pressure is defined. 
Az both the upper and lower boundaries vertical velocity, o, 
vanishes. The prognostic variables (u,v,I,) ar2 computed at 
mid-layer, while geopotential, 9, vertical velocity, 5, and 


s2rrain pressure, ll are computed diagnostically on sigma 


c. Peuere DIFFERENCING SCHEMES 
The time differencing methods used in this model are the 
FoOurth-order space differencinq scheme and the Matsuno 


scheme (also called the Euler-backward schame). One Matsuno 


le, 





time step is performed followed 


[mremmacsuno scheme is used to 


mode of the centered schame and 


high frequency waves. The time 


20 


because it 


step usei here is 360 s. 
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Tha model usé?s an analytical initialization schene 
developed by Major J. Le. Hayes,! USAF. A Small perturba- 


tion is superimposed on a horizontally and vertically vary- 
p 


ing méan current, then allowed to qrow through baroclinic 
moecablicty. The scheme was derived specifically for flow 


mmemeea flat Sarth; initialization over high tartrain requires 


an adjustment to the scheme and is discussed sevarataly. 


Re INITIALIZATION OF THE MEAN FLOW 

MeepatoOoclinic Bickley jet is situated at 45°N, where it 
Eeeches a maximum velocity cf 46 m/s at 290 mb. The initial 
mean surface flow has the same latitudinal variation as the 
jet; it reaches @ maximum of 5 m/s at 459N and decreases to 
Memomat ~he poles. The v-component of the wind is initially 
eee tO Zero. The surface wind is described by the Bickley 


fen profile: 


u_(¢) = uL sech? (7 ($-60) ) 
ea) no 





2 = eee ee 


meeersonal communication, present arfilitation Detachment 1, 
HQ AWS. 


ZS 





The upper-level wind has the same latitudinal profile: 


in(P_/P) 


U(¢,P(o,9)) 
in(P /P ) 
= im 


U_ sech? (y(¢-$y)) 


V,(¢,P(0,9)) = 0 


Mmgemerast term cn the right produces the vertical shear. The 
Mmireciaal Wind at any latitude and level is calculated by 
memoeng the upper-level and surface winds. 

Beece the mean flow is in geostrophic balance, th2 sur- 
Pace pressure is calculatéd by integrating «the geostrophic 
Wind equation: 


Pi (4) = P_ ($0) exp eB SEslle tanh(y(o-$y)) 


RT9 Y 


ime Value ot T,, BUSK, “as “caken Goon <ne “NACA “Stancard 
memosphetS using a standard surface pressura of 1013.25 mb. 
Temperature, except at the surfaces, is determined by 


Mm@eegrating ~he gedstrophic thermai wind equation: 


= i wh. a 22 ° 
T(p.¢) = T(p,¢9) - R In(e/P_) sech*(-69) dé 


integrals are ccemputed using the Siapson Rule approximation. 
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Mme Vettacally varying term T(p,9) is obtained from tne 

NACA standard atmcesphere: 
T(p, $9) = T(po9 $9) - 2 
where: Z= ve sa ()" 
rT \ - \Po 

Mrenconstants are defined in Appendix B. 
Be PPP EALIZATICN OVSR HIGH TERRAIN 

The mountains in this modal are intended to be a very 
Simple representation of the Himalayan range. The mountains 
extend east tc west across the grid section with a maximun 
elevation of 3000 ao. The longitudinal span is 16° ofr 
apprceximately 7600 km. 

MiesMOUntainS were initialized at full height without 
any growth period. The equations used to oroduce the meoun- 


tains are relatively simple and produces 32 kai 
.25 at |¢-6,| = 
@ = C()@, = -75 6, at |o-o| = 
® at = 
P oe oa) 
The immediate initialization of the tarrain 
tae gecstrophic adjustment time. However, 


Zo 


It 


e-edged range: 


2A 


2A9 





th 


Meee 6 PLOT CO Creating the valley and it is reasonable 
t9 assum? the longer adjustment period will have no sé¢rious 
effect on the attempted simulation of th monsocn surge. 
Using the mean flow initialization scheme without a nountain 
Seewen period resulted in a large scale, north-south oscil- 
lation in the pressure field. There was little evidence of 
damping during a 96-h model run. TO solv3a Ehis ptoblem the 
Bm@ecac= Pressures at mOuntain grid points were adjusted for 
height above mean sea-level. Using the hydrostatic equation 
and the adiakatic lapse rate for the NACA standard atmos- 
phere, the following equation was developed for a new (moun- 
meme surface pressure in terms of th2 s1ld (flat sarth) 


Surface pressure: 


= — rz\ 9/8 
P (new) = P (old) ( - y 
S S To 


The new surface pressure is used to re-calculate wind and 
Bemipekhattre values at each mountain grii point. No oscilla- 


tion was evident when the adjusted values were used in the 


As the monsoon surge is expected to occur almost immedi- 


emery LOlicwing the creaticn of the vall3ay, the gesostrophic 
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MeepUietm@ent Came Cannot be neglected at this point. Thete- 


@ 


Meat hne Yailey is "built" over 32 t2-h psricd to mininizs 
the time required for qeostrophic adjustment. The method 
used is based on the scheme developed by Hayes (previously 
@ecedy for taising terrain height during a model run. sie, 


build the valley however, the method is reversed: 


6 = C119) [2 : cain 60)| 


Mee ecuncticn C(t) is defined: 





T-T, 
sin?(3 T.<TET 
T.rTs fe 
Co(t) = 
a TétT. and TOTS 
Tmeeinction G(A) is defined: 
a AL<A<A2 
A-Ap-2Ad (h-20A) SAGA] 
=24i 
G(A) = 
ho +2AA=A ho N€ (AD 4242) 
2AX 
0 elsewhere 


Meana A, are the west and east edges of the valley respec- 
meyely. Where no valley is built, GA) = 1. The vallev 
Walls are siorped over «wo grid-lengths (2AX), and the valley 


tloor is at méan sea-level (0 a). 
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oe THe PERTUREATION 

Mae percurbation is a standard barotropic disturbance. 
It consists cf aweak longitudinal sin? wave with maximun 
latitudinal amplitude at 45°N,. The vertical amplitude is 
one-tenth the earth's radius. The perturbation is described 


by: 


@' = f9(A sin(nd) sin? (2$)) 


The following perturbation quantities are derived using the 


hydrestatic equation and seostrophic wini equation: 


9 - = Pg" — = Po j in? 
p's = = (A sin(nA) sin (24) 
t a iv 6¢' = a i i j 
U's aE, é =(a sin(nd) 2sin (49) 
ee et eet’ __iseifna cos (ni sin? (2$)) 
af,cos 6 a cos 
oS = eC) 


Mmeectotal fields are calculated by adding the perturbation 
Mianclities to thewmean current. icemcons se Pleas willie ¢€ nen 
De integrated intime tc arrive at the required forecast 


values. 





I¥. ANALYSIS OF RESULTS 


A. PeeSREMENTS 15 2: CCNTROL RUNS 

Two ccntrel runs were made for comparison with subse- 
meeme model runs. The first run uses a flat earth while the 
second includes a 3000-m east-west mountain range centered 
act 30°N. BOcnmmuns are inltialized with che bareclinically 
Unstable mean flow and the barotropic disturbance discussed 
mae napter 3. Model times givan are based on the time (h) 
@eewhich the disturbance is introduced into the mean fiow. 

Mae tirss run follows the development of the disturbance 


mm@eependsnt of tercain effects. Sea-level pressure fields 


Ua) 


memeou, /2, 88 and 96 h are shown Schemeticaliy in Fids. 


and 4, Potential temperature fields for the same times are 


(D 


Sewn in Figs. 5 and 6. Since a pie-shaped section of “he 
globe :s represented in cartesian coordinates there is some 


Neon tas 


(D 


Mpstor<~i0on of the fields. This is primarily e¢vid 


D 


eeeee nOL-h—~scuth pressure gradients waich, ‘for comparable 
Wind velocities, appear weaker in the east-west direction. 
Mmiceaisturcance 15 strictly limited t5 che mid-lLatitudes 


Wien a Very ctlat pressure gradient in both <ne polar and the 


2S 





=eepacal regions. The disturpance moves eastward 2+ a con- 
See, Velccity of approximately 8.59 avery twelve hours. 
Wave development is realistic with a 995 mp low anda 1023 
mb high developing arter 78h. 

Development of the disturbance in the wind and tempera- 
Meer cticlids closely parallels that orf the pressure field, 
although the temperature and potential ténperature data dis- 
play far more short wave noise. Ase neomsleeaee fr Heerona lL 
dissipation, diffusion, oor smoothing tachniques are used in 
*he model, some noise in the rasultsS is 2xpscted. The large 
scale <emperature features remain discernaple throughout the 
Sl1x day (144 hp cun but «he the small scala fsatures are 
masked by noise after 126 h, 2specially at higher ievels. 
(Temperature and wind velocities are plotted on sigma sur- 
faces; ‘higher levels' refers to increased height, or lower 
Sigma valués.) 

Peecet 96 h particularily strong cyclogenesis begins to 
eecur. Mame iG the cyclones intensify rapidly and <*he 
ridge is drastically weakened. While diffusion or smoothing 
applied to the fields would decrease the <rong gradients 
caused by cyclogenesis, they would also weaken the gradients 


Semepressure and temperature which could contribute £9 possi- 
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bl@2 mensoon surges. For this reason ne 
Meee ar dregq téim was applied tc the winds in the lowes 
level, however it had ne discernable affect on the strong 
cyclogenesis. 

MmiemMOUntTaIn rcange used in second csontrol run is the 
basis for all subsequent terrain configurations. Pages 0 
gives a three-dimensional represantation of the range. 
Mere the vertical scale is greatly exaggerated.) The data 
Beem this run are used to determine the time and location at 
Which the valley is to be created. Th2 requirements are: 
(1) a high pressure center to the northeast (to be consis- 


yel 


‘) 


tant with the Siberian anticyclone) and (2) &@ sea-l 
pressure difference of 25 mb between che high and low vres- 
Sure centers. The latter requirement ensures an adequate 
nor<hwesterly current to initiate a monsoonai surd:. 
Sea-level pressure and potential “<emperature fields for 
Sem 2c, S34 and 96 h are shown in Figs. 8 through 11. EaS=- 
Ward movemen => of the disturbanse is again 8.5° per twelve 
me urs. The most noticeable difference petween this 2xperi- 
meant and the first isa series of weak highs and lows that 
have daveloped along the northern slope of the mountains. 


These disturbances nigrate eastward at a speed comparable to 


Ene mid-latitude wave. 
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Develocrment of the wave is siower than in the previcus 


case. em? omnia 979 0D ow and a 1019 mb high have devel- 


fa 
ct 
O 
ho 
OD 


Seem, giving 2 pressure difference of 20 ab compars 
mb earlier. This Cepresents an overall weakenin ef the 
disturbance and is not due to the weakening cf either the 
meee or Low centers individually. It appears ta? aountain 


memos May have a stabilizing affect on the growing diszur- 


4 
(bp 
po | 
Q 
D 
t4 
fA 
ry 
fap) 
fv 
Q 
2 
@ 
fu 
ray) 
«t+ 


Maemce., The reguired 25 mb prassure diffs: 
84 h. Since a twelve hour period is required to create the 
mmeey, growth will be initiated at 72h model time in sub- 
s2quent runs. Since the valley must be located east of the 
emeeecyelOne in order to taka advantage of the associated 
northwest flow, SaemweSte=) 24ge "~Gteci= Valley is piaced 
mmpectly south or the leading portion of northwesterly winds 
ae o4 h. 

Development of the disturbance in ths potential tempera- 
Meer and wind fields is very similar +0 che first run. 
There is a maximum in potential temperature over the noun- 
tains but this is simply due to the increased elevation. 


The small scale noise apparent in the potential tempera- 


t+) 


mee fields of the first run also appear in this experiment 


although at a later time, possibly due 09 the much slower 


SZ 





qt 


development of the cyclone-anticyclone system. The strong 
cyclogenesis and intense pressure gradients also éppear 
later in the second model run. Wave development is approxi- 
mately six hours slower when the mountains are included and 
this corresponds t> the time lag observed in the cyclogene- 
Sis and nois? growth. 

It should be noted that potential ctempsrature is used in 
the analysis of model results since its fields will nor 
mmenmudae effects of tae adiabatic processes occurring in flow 


over mountains. 


B. PAPERIMENT 3 

Biesaznitialization for this experinen®, and all subse- 
quent experiments, is provided by the sam2 analyzic scheme 
Meread in che control runs. Terrain consists of an #ast-west 
mountain range centered at 30°N. The vallay, built between 
72 and 84 h, is twelve gridlengths wid2 or nearly one-third 
meme Length of the Mountain range (Fig. 12). Riemer itical 
mame period for the occurrence of a surge will be the firs: 


24 h after the valley is completed (84-108 h). It is during 


(Dp 


mrs period that the anticyclone is locat)ed nortawest of «h 
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Development of the disturbance through 72 h is described 
Bee ocn rol run #2. The sea-level pressure field at 84 nh 
Shows a trough extending across the valley and along the 
northern slope of the eastern range. At the same time a 
small, high fpressur2 ridge can be seen in the northwest 
meaeen of the valley. For the next twelve hours the ridge 
Smmernues to build southward until, at 96 h, it extends the 
Memoacn Of the westsrn valley wall splitting the trough into 
two separate low centers. The peessire gradient in “tre 
tropical regicn south of the valley has also increased (Fig. 
7). As the ridg@ continues £0 expand southward, the east- 


Mmemerorc<ioOn of the trough develops avery strong, tight 


(Dp 


Y 


pressure gradient in the valley and along the norcharn mnoun- 
*ain slopes (Fig. 14). They fage cCoueztnues to Strengthen 
and remains lcecated along the western wall through 114 h. 
After this time the anticyclone moves eastward to a position 
due nerth of the valley and the ridge begins to weaken. 

Misc = 1Oced in the results is an oscillation in the 
intensity of the pressure field. ict begins when valley 
growth is initiated and has a period of apprteximataly 24 h. 
The observed oscillation is possibly the result of gravity 
Waves set up by the relatively sudd2n (12 h) creation of the 


met ley. 
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The second stage of the monsoon surge was earlier 
described as being characterized by a sharp drop in surfaces 
dewpoint. Since this is adry modal, and as observational 
Studies (Chang e+ al, 1979, Chu, 1978) show this stage can 
also be associated with a drop in surfaces tamperatures, the 
potential temperature fields are analyzed for possible surge 
Migmeacteristics. (Beyond this point ‘'tampesrature' rafers to 
potential temperature unless otherwise stated.) 


In agreement with the development of th 


(p 


Surface pres- 
Sure ridge, a weak tongue of cold air has formed aiong the 
western valley wall at 84 h. However, no Similazt gradient 
2xists along the eastern wall (Fig. 15). 

Twelve hours after the valley is completed, the cold air 
has reached the southern valley boundary. Minimum témp2ra- 
muse at 24U°N has dropped from 310K at 84 h to 303K at 96 h. 
A tigh= temperatures gradisnce exists along the western side 


Memeene COld air intrusion and also along the northern mcun- 


(D 


tain sloves wher2 temperatures have remained relatively con- 
Beant. Miemeela air congue Can easidy by seen at the two 
BOwest levels (Fig. 16). At the mid-leveis a very slight 


tightening of the gradient can be seen over the western val- 


ley wall when compared to the eastern wall, but only over 
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mimeenOrthnern half or the valley. At the highest two levels, 
gradients over the two valley walls are nearly identical so 
that the apparent changes in tamperature ara probabiv due to 
the effect of terrain variation on the slope cf the sigma 
surface. 

The cold air continues to penetrate southward for the 
next twelve hours reaching itS maximum sduchward extent art 
fen (Fig. 17). At 24°9N the minimum ceanperature is 298K, a 
“12K change frem 84 h. The cold air do2s not penetrate much 
beyond the southern valley border. At 2)99N the temperature 
change iS approximately -2K in 24 h. Ahil2= southward move- 
Muememor the cold air ceases at 108 h, it does Expand east- 
ward, apparently in response to the eastward mnovemene of the 
mmeecycolone located north of the vailay. iierecowGa ais 
tongue does not dissipate as rapidly as the pressure ridge, 
mmm a pool of relatively cool aixc remains in the western 
Valley region until the arrival of the next mid-latitude 
cyclone. 

Mmempene higher levels, sigma = 7/12 and 9/712, a small 
tongue of cold air forms between 78 and 84 no above the west- 
ern valley wall. The southward extent is slightly less than 


that at zthe lowest level. As the low-level cold air tongue 
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moves mpeedesy SOUcawana, aice=t €495h, whe cold aiz 2t these 
levels moves very slowly, only four degrses between 34 an 

102 h at sigma = 7/12. [tte.2, if @ny, 2ascward 2xpansion 
is seen. Beyond 108 h the very slight gradients are diffi- 


cult to discern, primarily due to the increasing small scale 


noise. At sigma SVAZ ene coldeaic “tore Closely follows 


lowest f= yol 


iO 


mee behavior of the ccld air tongue at th 
showing continued south and sastward expansion on the sane 
time scale, althcugh of less intensity. 

To verify that the changes in the potential tamperature 
fields at the upper-levels are essentially due to the use of 
the sigma ccordinate system, the temveratur= (T) fields wers 
analyzea at 850, 700 and 500 mb between 84 and 102 h. Az 
See mb the intrusion cf ccld air can easily be traced. At 
mooembD the cold air tongue is not disc2tnable although this 
May partially be due to the adiabatic warming effects appar- 
ent at both the 700 and 850 mb levels. At 500 mb some small 
Seale noise is introduced by flow over and around the valley 
but there is no evidence of the southward movement cf cold 
eer. Therefore it is reasonable to assume that the changes 


an the potential temperature fields at the higher levels ar 


iD 


due to the effect terrain variation has on the slope of the 
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iegmea Surttace. The apparent movement osf colder potential 
temperatures southward, then, is merely che result cf the 
Sigma surface being at alcocwer elevation in the valley 
region. To scme extent this effect is s2en near the eastern 
valley wall at the lower levels as well. 

mero mn, when the valley is only partially completed, a 
southward deflectisn of the nerthwesterly winds ahead of the 
ridge is readily apparent. By 84 h the valiey is completes 
ama the north winds are rapidly moving southward (Fig. 18). 
Along the vall¢y wall the leading edge of tha wind surge is 
highly ageostrophic. A strong southwesterly flow has set up 
in the eastern region of the valley presumapdliy in response 
Memeene tight pressure? gradient that exists there. Et is 
interesting <c note the small cyclone that has developed 
downwind of the western vall2y wall. Iz appears to be 
Peeegncly better defined than the pre-existing low to the 
naoOrtheast and may result from the combined effects of tne 
shear line and of cyclonic flow induced in the descending 
Mme y the conservation of potential vorticity. The cyclone 
dissipates as the north wind continues ¢+9 push south ard 
eastward into the valley. The shear line remains well 


defined between the ovopcsing northerly and southwesterly 
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flows. The strong, cross-1isobaric sduthwes= winds in the 
Siemern Valley ccincide with a very tight pressuze gradient 
and may represent a sloping front in the valley. 

Meoego hf the north wind regime extends che iength of the 
western valley wall‘and is spreading 2astward across the 
Warley (Fig. 19). At 102 h the north winds have reached 
their maximum extent; mae Wneer- Ol Mc osccupzes fully half 
the valley but does not extend south of it. Pie Prikowe a1.o7 
the valley wall is no longer ageostrophic. The north winds 
entering the valley between 84 and 102 a are idencifiable 
only at «he very lowest levels, in agreement with the defi- 
nition of a monsoon surge as a low-level phenomenon. By 108 
h the anticyclone nas moved sufficiently sastwari that the 
light northerly winds associated with the ridge line have 
replaced the strong northwest flow previously located nort! 
Seeche valley (Fig. Ze Deo me tlw ceo one valley is 
greatly reduced and, without this Support, the surge weakens 
and dissipates. Mies GCaStern Seqzen Goncenues to be domi- 
nated by southwest flow. 

It is clear that the movement of the north winds through 
ene Velley correlates well with the development of the cold 


aixc tongue and pressure ridge discussed 3arlieér 


39 





In summary, several observations can be made from the 


analysis of «hese fields. Milos, ale tacee Leids show che 


O 


vety rapid southward movement of a cold, high pressure 2ir- 
mass along *hée western vailey wall batwean 84% and 96 %h. 
Much slower southward movement continues through 108 ih. 
Second, the airmass expands eastward across the valley in 
response to «he continued eastward movanent of the anticy- 
Gone. And third, the aizmass never penatrates the tropical 


regicens but remains within the confines of tne valley. 


C. EXPERIMENT 4 


In this experimen= the mountain rangé is again centered 


ae 3 OON. The valley, built between 72 and 84 h, LS xe4 
grid~lengths wide, ie. Ewe onl Tosmome-2 = fountain sange in 
length. The terrain then is actually the small east-west 


Oriented mountain range displayed in Fig. 21. As in Experi- 
maemeers, che critacal period for the surg2 is between 82 and 
108 h while the anticyclone 1s located northwest of the 
valley. 


[ie i£itos= 72 kh Sf development are dsscribed by Control 


Run #2. As in the previous experiment tha creation of the 
Meebey causes an 29Sscillation in th@ prassure (ie. mass) 
Beeld. PemecciliatsOn 2h taltS €xperinen= 2s larger than 
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Mmaeeor the previous case since the reduction of terrain is 
greater. Mie “capad increase in cyeloyenesis also occurs 
earlier, supporting the assumption that the mountains exert 
a stabilizing influence on the disturbancs. 

At 84 h a small southward extension of the high pressure 


ridge can be seen over the eastern mountain slop? (western 


O 


valley wail). A low is centsred over the northern valley 
With a weak trough extending southwas* over tha valley wall. 
A tight gradient develops south of the low, extending over 
the eastern valley wall and continuing along the northern 
mountain slopes. fie  tieugnui Ss Sesongest 9 a> 78h and is 
Subsequently pushed southward by the expanding high pressure 
medage. The ridge advances southward during the next twelvs 
hours reaching the southern valley edge at 96 h (Flg. 22). 
Mas tac movement cf the ridge is guit2 similar to Experi- 
ment #3, although it does appear +9 be slightly weaker and 
not aS readily discernable. 

Between 96 and 108 h the mid-latitude ridge weakens con- 
S2derably. ConNcimmencly, aestzong Pressures gradient builds 
along the western edge of the ridge, in parc due to a trough 
extending southward from the intense cyclone locazted to the 


Memehwest (Fig. 23). A similar gradient is seen during the 
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Same period in Experiment #3 but is not néeéariy as intense. 
Meeeepocnh 102 anc 108 hk there is evidence <tnat the ridga 
extends slightly beyond the edg= of the valley. 

The development and movement of the ridge agrees very 
closely with that 5 wad earlier experimen= using a smaller 
valley. In both cases the ridge begins development while 
the valley 1s growing, moves southward along <he western 
wall at the same rate, reaches the southern edge az the 96 h 


point and weakens when the anticyclone noves t0 2 Location 


due north of the valley. Mere mle, newever, a4 Slight dit- 
ference in intensity. The third experimant shows a well 
da2fined, easily discernable ridge from 384 to 108 h. 1 ole telah 


present experiment the gradient along th2 western side of 
the ridge is greater, but the ridge itselr is not as well 
defined. 

A weak tongue of cold air can be se3n along the western 
Valiey wall at 84 h (Fig. 24). An increase in th? tempera- 
ture gradient is apparent in the extreme western valley at 
the lower three levels although 1t is very weak at the 
uppermost of these (Sigma = 7/12). These léveis correspond 
TO pressure heights lower than 600 abs in a standard atmes- 


phere. Tieelgietne —nek= twelve hors tha cold airs tongue 
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moves southward and strengthens. Bye or. fe ene Cold air kes 
reached the southern edge of the valley (Fig. 25). The cold 
air tongue is much better defined than the pressure ridgs. 
Meee Nearly identical to the cold air tongue seen in the 
western valley for Experiment #3. Th2 minimum tenperature 
at 24°N has fallen from 310K at 84 na td 300K at 96h. The 
*amperature change is primarily limited +9 the western third 
of the valley, temperatures in the eastern cwo-thirds have 
ramained relatively constant SOlLoOWwang »econpletion of ~ the 
valley. 

The cold air continues to move south and eastward 
*hrough the next twelve hcurs. Maximum southward 2xtent is 
reached at 108 h. At 24°N the minimum tamperatura is 298K 
and repr2sents the same change ln temperature, -12K, as was 
seen in Experiment #3 (Fig. 26). While southward movement 
of the cold air has ceased, it does continue to expand 2ast- 
Ward well past this time. Ties pointer yeawes Of the coid air 
tongue remains along the western vallay wall and retains its 


Merencizy through 120 h. AW peGL Yotseoeo!l Aly remains in the 


il 
\O 
\ 
aa 
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western valley for another twelve hours. At sigma 
"he cold air is discernable well past 108 h. At higher lev- 
els the smali scale noise has more eff2cr and the cold air 


Memoitcicult to trace past this tine. 
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The upper-levels display 
omer ament’ #3. 


these levels 1s seen, 


AS with the pressure and temperature fields 


Meme Or the north wind surge in 


ows tha: Of Fxperiment #3. 


reached mid-valley and continue 


Again the leading edge of the wind surg2 is 


zrong southwesterly 
ently due to the tigh*+ pressures 


By). The small 


apparent here although cyclonic flow exists, 


*he convergence of 
me Opposing flow out 
cyclonic flow weakens 


Ae 96 hk he north wind 


length of the valley and is spreading eastward. 


Ward extent of «he Mor = fh 


Beentical to that »f Experientn 


the perimeter of the north wind 


Maec her south of that reached 


The mid-latitude cidge weakens 
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AP Silage increase 


At 84 h 


flow has set 


cyclones seen 


*he southwest flow 


Ne Loe wwe ba ti eud= Fane Cy 2ones. 


considerably after 


winds 


the Sate Denhavio=t seen iin 


in @astward expansion at 


Possibly due wo the much wider valley. 


she develop- 
this experiment closely fol- 


she north winds have 
jmormoeresd sapldly sdsucnward. 
ageostrophic. A 
Woe ra ere ~vallicy apoar- 
gradient Located there (Fig. 


in Experiment #3 are not 
possibly due to 
PEOUmene —eEspLCcsS and 
This 


84h. 


Tegime extends almost the entire 


The south- 


along the vailey wall is 


Pon (Pag. 


east 
regime is nearly two degrees 
= cija holueia 


in the 


experiment. 


SX hOuUrS, 





and with its ccntinued eastward movemsnat, Besibes 82 1a 


decrease in the northwesterly winds supporting th 
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Thus only a very little southward movement takes places 


(p> 


between 96 and 102 h, the time of maxinum southward extent 
of the north winds. © The ageostrophic component of the flow 
weakens rapidly as southward movement along <zhe valley wall 
Sows. The winds become much weaker but do not decrease in 


@ewerage through 108 h (fig. 29). A Slight esastward move- 


mountains and north 


(D 


ment is seen as the ridge noves past +h 
of the valley. Vacce TOG = ene ROten #2nds diminish and 
move eastward in response to the weakening and continued 
eastward movement of the ridge. After 120 h the wind surge 
is no longer discernable. 

The surge is identifiable only at th2 two lowest levels. 
Ac Sigma = 9/12 the surge is weaker and less extensive than 
at the lowest level. [It dissipates very rapidly after 102 h 
as the tidge at this level moves north of «he valley. 

In this experiment a slight incrsas2 in the eastward 
extent of the north winds is noted when compared to Experi- 
femme #3. Since topography is the only parameter changed, it 
is reasonable to assume the increase in 2astward extent is a 


resuit of the expanded valley. Peesioues be nNOted Daough 
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mrae While the valley size uas doublei, the corresponding 
mmerease in licngitudinal coverage by “he north winds is 
extremely small. 

Several observations can be made from the results of 
Experiment #4. Pimocryeeaabee three tlistas show the rapid 
southward movement of the cold, high pressure airmass along 
the western valley wall between 84 ani 96 os. Subsequent 
southward expansion is much slower. Secon, the airmass 
expands eastward across the valley in response to the east- 
ward movement cf the anticyclone. And: third, there is a 
tendancy towards cooling and rising pressures just south of 
the valley although the nerth winds remain within the valley 


confines. 


De BePERIMENT 5 

In this experiment the mountain range is centered at 
Seon, @1ght degrees farther nocth than in previous 2xperi- 
Memts. The valley is twelve gridlengths wiie, as in Experi- 
tent #3. toIesarn .1S Shecwh in Fig. Bs Cyclogenesis is 
considerably slower than that seen in either of Experinents 
Seon 4, ies 2s aque <O the placement of the norehesn moun- 
tain slopes at the same latitude as «he maximum amplitude of 


meme a€isturkance. Srowth cf the perturbation is prevented by 
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ettectively blocking the north-south heat flux. FOr esis 
reason the initiation of valley growth was delayed six hcurs 
to allow additional time for development of the disturbance. 
The growth period for the valley is now between 78 and 90 h. 
AS with the previous experiments the creation of the valley 
causes an oScillation in the pressure field, the approximate 
amplitude of that in Experiment #3. 

Mewoo h a Strong low is located in the northeast of tha 
valley trough extending southwest over the vail2y wall. 
This results ina tight pressure gradient in che 2astern 
valley and along the northern mountain slop?s similar to the 
gradients found in previous experiments. The mid-latitude 
anticyclone is néither as strong nor as well developed as in 
Experiments 3 and 4, and although there does appear to be a 
Slight southward extensicn of the high voressure along the 
western valley wall, it is very weak. Dae tngmeecneomext 
twelve hours a ridge of high pressure builds along the val- 
Meyewadll, however it is difficult to isatermine whether the 
meg DreSSure Originates in the anticyclone to the northwest 
Seech the tropical regions south of th2 valley (Fig. 31). 
Beech analysis of the wind fields will later show, the high 


pressure air does originate? in the mid-latitude anticyclone. 
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Mmammepee nm che anticyclone is ill-defined and the nountaia 
P2=gicn to its south populated by small high and low centers. 

Between 102 and 114% h the ridge moves 3ast into the val- 
ley and strengthens, this is particularily noticeable at 114 
nee (rig. Bu. It apvears the anticyclone has slipped 
beneath the cyclone and is re-forming in the northern val- 
ey During this tine a weak trough can be seen forming 
over the northwestern valiey wall. 

meme 6h Uthe:|6©Uamhntaccyclone is locate2i in the northeas* 
valley region with a weak ridge extending southwest througn 
the valley and a stronger, Detiena destined tEidge +o he 
Hom Wwest. Low pressures are round over the westarn valley 
Watt due to a weak trough forming ahead of the mid-latitude 
evyelone. 

In earlier experiments the high pressur3s ridge developed 
meeaescerengthened along the western valley wall only to dis- 
Sepa te aS the anticyclone moved to a od2Sition northease of 
eae ridge. In this experiment the ridge is weaker, nrct 
Welti-defined and moves eastward with the anticyclone. Since 
the northern valley is located at the latitude of naximun 
amplitude for the disturbance, creating the valley allows 


she anticyclone +o reform inthis area as the weak ridge 
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moves eastward into the vailey. The same reasoning can b2 
used to explain the strong deéevelcpment 2xperienced by «tne 
Tow during the valley growth period; it was located along 
the northern mountain slopes at the sanz longitude as the 
valley. 

A weak tongue of cold air can be s33n along the western 
wee y Wall at 90 h (Fig. £3) Eiecageeatencel2s £OUnd in 
the lowest three levels, weakaning with height. At tae 
upper-levels (sigma = 5/12, a7 NZ eee) nea aly 2dencical 
Gradients exist at both ends of the valley and are due to 
the effects of terrain on the slope of sigma surfaces. The 
Semeaeaicr tongue strengthens and moves zapidly southward in 
je following six hours. Dyer mee ne co hd ait has reached 
meres souchern edge of the valley (Fig. 34}. The development 
and movement of the cold air tongue is much better defined 
than that cf the pressure ridges. Eege=omoe2 Sly identical in 
d2velopment and intensity to the cold air tongues seen in 
Experiments 3 and 4. The Minimum tenparature at 32°N (a 
comparable latitudes to 24°N relative to the position of the 
Memmetatins) is 295K compared to 306K at 90 h. This isa 


memocrature change of -11K compared to -12K and <-10K for 


iD 


Experiments 3 and4 respectively. Again the temperatur 
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mange iS primarily limited to the western third 
valley. 
fee COld aiz continues to move south and eastward during 


the next twelve hours, reaching its maximum southward extent 


meer a 6h 6(Fig. 35). At 32°N she mininun temperature is 
Zook, a temperature change 2f %-13K compared +0 -12K in 


fee rame=nts 3 and 4 for a 24U-h period following conpletion 
Meee Valley. Eastward expansion of ths colid air continues 
Pasy 114 #*ihz In the previous experiments the axis of the 
cold air tongue remained along the western valley wall. bie 
this experiment the cold air noves eastward as well, parti- 
Sieraraly in the northwest region. tials 25 probably the 
mesvit Or the anticyclone cteforming in the northern valley 
and the subsequent eastward movement of tae pressure ridge. 
The cold air tongue does nox~ move as far eastward as the 
ridge and begins to weaken when the anticyclone moves north- 
east of the valley. 

The upper-levels isplay the sam@ behavior seen iin 
Experiments 3 and ¥. A very slight movement of the northern 
Meech Of the ccld air axis is seen at sigma = 9/12, but no 
Similar movement is seen at sigma = 7/12. The increased 


small scale noise at these levels makes analysis of the 





t2mperature fields difficult past 114 h. The highest levels 
Meeetia = 5/12 <0 1/12) show no Sign of sduthward movement of 
Berd air at any time. 

As in the previous experiments southward deflisction of 
+he northwest winds Lato the valley occurs berore the valley 
is completed. By 90 h the north winds have reached nid-val- 
ley with a shear line developing over the valley floor in 
advance of the northerly flow. North winds along zhe valley 
mel ate strongly ageostrophic. Again a strong southwest 
flow has set up in response to the tight pressure gradient 
in the eastern valley. Although the valley is the same as 
that used in Experiment #3, the subsequent pattern of devel- 
Bement is slightly different. At 96 h the northwest winds 
reach the eastern valley wall, whereas, in Experiment #3 the 
strong southwest flow in this region prevents the northwest 
Winds from spanning the valley. The wind surge is actually 
Strongest at this time, and kas its gr3atest southward 
Aeeeent (Fig. 36). By 102 h the ridge is north of the valley 
Wall and the winds are beginning to weaken, the flow is no 
Memgert ageostrophic. The north winds naver reach <he south- 
ern edge of the valley (Fig. cece The surg2 continues to 


Meenen rapidly and at 108 h the anticyclone is reforming 
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Within the valley. VOachewenas 2=XiS= in the centr 
meen bus dc not coincide with the ovoositon of the cold, 
Begnm pressure ridge. SeeeeOur Ss Mi acer orn] anti cycione is 
established over the north central valisy and no evidence of 
the surge exists (Fig. 38). ities =Clsic thes pOSlLeioning 
the mountain range at 38°N has a datrimental effect on the 
development of the surge. 

MRE Surge is identifiable at only cha two lowest levels. 
At sigma = 9/12 th2 surge is less axtensive and waaker than 
at the lowest level. At sigma = 7/12 and 5/12 a weak 
Seebou.c turning of the winds is apparent but no definite 
Sduthward flow can be seen. The cyclonic flow disappears as 
she anticyclone reforms over the valley. 


In summary the following observations can be made from 


*his experiment. PetcS ce, ali three fialds show the rapid 
SOuthward movement of coid, AigGneoOmwessure air along the 


th 


emer) Valley wall during the first six hours following 


yalley completion. Second, che movement and dévelopment of 


th 


Mme Cold air tcngue is much better defined than that of the 
pressur2 ridge and wind surge, both of which weaken consid- 


eeediy after 102 h. ever, the pressur3 ridg2? and wind 


Surge axils move eastward orf the valley wall due to the 
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development of the anticyclone within cth2 valley, oniy <ne 
Meeeneln most portion of the cold air tongue moves eastward. 
Sememesourth, although there is 23 slight sooling and pressure 
Bese south of the valley, «he north winds remain well within 


the valley. 


Eis Pee GRIEMENTS 6 AND 7 

The valley was included as part of the initial terrain 
configuration for these two experiments. The mountains are 
S@emceresd at 30°N and the valley is eight gridlengths wide, 
approximately one-quarter the length of th2 mountain range. 
This is the original mountain-valley configuration used wit! 
*he model, che larger valley was used in subsequent rtuns to 
avoid interference between the strong southwesterly flow in 
*he eastern valley and developing southward flcw in the 
W2ST. Piewsolruvward movement Sf a cold, high pressure air- 
mass cccurs with both valley sizes, however che airmass is 
more easily seen, ani so nore easily analyzed, with the 
larger valley. 

Smiy the mean flow iS initialized in Experiment #6. The 
Beepese Of <=his tun is te confirm the assumption that the 
MmemrsoOn Surge, if it occurs, is dué <9 baroclinic wave and 
feeea Cesulssofethe interaction of the nean flow with the 


morc ain. 





mo expected no "surge" occurs. ha] "“Ciblemtm chase) dcss 
meremmeanm the valley is southwasteriy, flowing frcm high to 
low pressures. The strong southwesterly flow seen in Exper- 
iments 3 through 5 is in part due to the mean pressure gra- 
dient that exists between the northern and southern valley 
POaaers. By 30 h a small cyclone has formed over «he west- 
Mem Valley wall, probably due to the conservation of poten- 
mae VOrtTIcity. This indicates that the small cyclone seen 
here and in cther experiments is & result of the mean flow 
mmcetacting with the terrain. 

Beepesament #7 is initialized with the perturbation. 
Miering the first portion of tha experiment, while zhe dis- 
turbance is weak, southwesterly flow forms in the vallev in 
merspense to the existing north-south pressure sgradisne. 
Again at 30 h a snail cyclone has formed over «he western 
feeeey Wall. During the next twelve hours the center of the 
Byeclone moves cver the valley floor although the north winds 
remain located over the valley wall. Litomid= arte de dis- 
mie Dance continues to strengthen and by 66 h the northerly 
Winds are being enhanced by the northwest flow ahead of che 
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mepccaching ridge. The northerly fio 


ridge moves eastward, at 96 h it extends slightly beyond th 
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valley edge, however this is its maximum southward extent. 
Saoceguentiy the mid-latitude ridge axis moves north of ths 
valley and the supporting northwest flow diminishes. The 
flow along the valley wall is never ageostrophic during this 


time. 
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The cyclone is readily apparent in ¢! 
sure fields. Hewove =, NG= UNtil = sene Pidgesapproacnes the 
valley does a high pressure ridge build along ‘the valley 
waet (72 h). The ridge weakens as the anticyclons moves xo 
a position north of the vailey. 

The potential temperature field shows very little cool- 
ing along tne westerm valley wall compared +¢9 previous 
experiments. Mininum tamperature along 249N at 90 h is 299K 
compared to 303K at 66 h, a decrease of only 4K in 24 h. A 
very small temperature change when compared to Experiments 3 
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V. CONCLUSIONS 


Phe interaction of a mid-latitude baroclinic wave with 
Several different mountain-valley configurations was ¢xan- 
ined. The purpose was to determine the contribution made by 


a well-developed baroclinic wave to the Laltiatio Or mon- 


3 


soon surges. It was found that *hese waves can initiate a 
monscon surq2 although such surges are weak and limited in 
extent. 

Mae MOWnzains in each experiment are an 2ast-west range 
located south of the mid-latitude wave. As was firs* noted 
in Experiment #2 the mountains appear t> have a stabilizing 
effect on the growth of the wave. The srrtect is especially 
eugen: when the mountains are placed farther north, nearer 
men cent=r of the disturbance. The reduced groweh rate is 
Bropably caused by the biccking cf the v-componenzt of the 
Wind by the mountain barrier +9 the south. This would slow 
the wave growth because the energy conversion iS porpor- 
tional to V'e'. Walker (1982) also found this effect with a 
Seo euepaice moving along the north side of a mountain range. 


Previously, several cbservations wer2 mad2 about th 


(vb 


nature of monscon surges. Thes2 include: Cie ene OCCUGT ence 


Sewranid, adgeostraphic flow trom high =o low pressure, (2) 


Se 





Beeengcnening of the north-northeasterly winds, (3) a sharo 
meen SUrLace tenpetature and (4) she shallow structure of 


mimenmsusge. Tc scme extent, each of cthes2 characteristics 


te! 
W) 


Simulated by cne or more cf the experiments. 

Experiment #6, in which only the zonal mean flow inter- 
aCts with the terrain, shews no evidence of a surges. All 
other experiments, in which the perturbation 1s added to the 
m@an flow, do produce weak monsoon surgés. This indicates 
the eastward-moving anticyclone associated with che mid-la- 
titude baroclinic wave is the source of th2 surges occurring 
momeehis study. 

In Experiments 3 and 4 the mountains are centered at 
30°N, the western edge of each vallay is located at the same 
Peeemtealcthough the fourth valley is twice the size of the 
emlrcd. In each case a cold, high pressure a@irmass moves 
southward alcng the western valley wall during che «twelve 
Mours CTOllowilng completion of the valley. The leading edge 
of the surge is ageostrophic. 

Figs. 39 and 40 show the change of ootential temperature 
Woh time in the valley for Experiments 3 and 4. The pro- 
files extend from 149N to 46°N along the western valley 


meeer (55%) long), the valley is located betwsen 22°N and 
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BooN. In éach case little, if any, shange in téemperanurs 
occurs at 149N although at 189°N the température decreases 7K 
between 96 and 108 h. In the valley the maximum *smp¢eraturs 
change occurs earlier, between 84 and 96 h, and is much 
Meeger, -~16K and -17K at 269N. The surg? is well defined 
feeepaon the valley but dissipates rapidly south sf 22°N. 
Mrs 2S indicativ= of the weak charact2r of the monsoon 
Surges in this study since the cold air in observed cases 
has been traced well into the tropic32zl regions while in 
these experiments it cannot be found even eight degrees 
south of the valley. 

As can be seen the results of the two experiments are 
meeely identical, indicating the size o£ che valley is not 
MimeemoOrcant CONSideration. 

The oscillation in the pressure (mass) field is appar- 
ently a gravity wave, che result of an inward crush of air 
Eilling the "vacuum" voroduced by the creation of the valley. 
It has roughly a 24-h period, which may b2 related to the 
ewelve hour period in which the valley is built, and it 
Slowly dampens during the subsequent 60 h of the experimen. 
It has no observable effect on the prassure gradients and 
WaS not evident in either th2 potential tamperacture or the 


Meade fields. The sscillation also occurs in Experiment #5. 


gu 





In Experiment #5 the rapid southward movement of the 
Pemag@eeasnmass Occurs only during the first six hceurs after 
valley completion. Presse 2 tOnecn> placement cr the 
mountains at 389N resulting in a much weaker disturbance. 
Fig. 41 shows the change in potential tamparature with time 
in the valley. The valley is located batwean 309N and 46°N, 


fmmemDrOLtile is aiong the western valley floor. 


The decrease in temperature? is evident in the vailey 
wereweern 9O and 102 h. As = en xk oeeamc less and &§ che cold 
alr can be traced only feur degrees south of the valley. 


Uniike the two previous experiments warming occurs during 


the second twelve nour period, due to the re-development of 
the anticyclone within the valley. iyeesoutnerlvy winds in 


the western region of the anticyclone pravent the flow of 


Memeoeeatt into the valley and effectively “shut off" the 


The monsoon surges initiated in thes experiments ars 
evident only in the lowest sigma levels, at sigma = 11/12, 
Pye and 7/12. Ina standard atmospher2, over flaz terrain, 
these correspcend to pressure heights l2ss than 675 mb. The 
surge is strongest at the lowest level and dissipates with 


meaght, becoming very weak 3a2t Sigma = 7/12. Sie LS 
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Smservs2 in both the wind and potential temperature fislds 
in all experiments and agrees closely with the definition of 
the monsoon surge as a low-level, or surface, phencmsnon. 
These results suggest that the mid-latituds baroclinic 
wave can initiate monsoon surges. The surges ar2 weak and 
Pimited cto the valley but otherwise exhibit the characteris- 
*ics of observed nonsoon surges. The weakness of these 
Surges indicates other forcing mechanisms are necessary in 
order to adequately model «he monsoon surge. These may 
Include a strong, stationary high located northwest of the 
valley similar to the anticyclone associated with the winter 
monscon. Other analytical studies indicate that an upper- 
tropospheric, planetary scale wave number three is nécessary 
[meee ne Occurrence of strIeng monsoon surges. Such @ wave 
positioned with the ridge *o the west of tha surface anticy- 


Clone would result in strong northwesterly flow over the 


(D 


high pressure center. Mies evOllometeeia es COld air advec- 
tion throughout the troposphere and incrsase subsidence over 
the surface anticyclone leading to stronger surges. Weak 
monsoon surges were associated with near zonal flow at 


higher altitudes, this describes the upover-level flow used 


ain these experiments. The inclusion of ona or both of these 
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phenomena may result in stronger, more eaxtensiv 


surges than these observed in this study. 
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APPENDIX A 


HOSZLeeR PAPPIVE LOUATIONS 


Bquacion of State; 


pa = RT 


Pya@eoscatic Equation: 


Horizontal Momentum Equaticns: 


a") SN AY ~\ 
1(a) + fk IV + V (He) - VES (¢c) 
dt oo 


memeanutsy Equaticn: 


én +4 -(I¥) + § (16) = 0 
st cYe} 
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1st Law of Thermodynamics: 


a 


(ICp1né) + V+ (1V¥cpin8) + 6 (Iocpiné) 
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6 60 
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Pa 
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Qo GQ = 


APPENDIX B 


Lie er se USOLS 


Gead@us Of the earth 

amplitude of the perturbation 
specific heat at constant pressure 
ccriclis parameter 

Velue tOf COELOILS parameter at 45N 
force 

gravitational acceleration 

wave number 

pressure (P = Pp + PF) 

Surrace pressure at U5N,. 1013.25 mb 
maximum model pressure height, 125 mab 
gas constant for air 

temperature 

Surface temperature at 45N, 288K 
Mona veloc l ye CCHSOnen cm ul] Ut) U*) 
Maximum velocity, surface: 5 m/s, upoer: 65 
meridianal velocity component (V = V + V‘) 
Serrastn height 

specific volume 

Melewid=h Of jet 

dey adiebatic lapse fate, 6.5 “4/kn 
retential temperature 

longitude 

Bet 159 

normalized pressure 


YVercical coordinate 


a/s 


VemelcGal Velocit yan st dma color id=nate system 


Mecen =.M] ai Walch 2epaagenegtoew-h begins 


Medel 2S a= wWhlehy cseratn seaches final heigh< 


fe 


-_ 
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Paetcud] 5 £.. 16% : 

PactclaGe A4fevntech MOUntaazn Tahge 15 cent 
Geovecer=: 4) j~ealsSoOrcirrent tersain height 
maximum terrain height, 3000 a 


angular veiocity of the earth 
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